We have used double strand RNA-mediated interference (RNAi) to study Drosophila cytokinesis. We show that dsRNAs for anillin (ani), acGAP, pavarotti (pav), rho1, pebble (pbl), spaghetti squash (sqh), syntaxin1A (syx1A) and twinstar (tsr) all disrupt cytokinesis in S2 tissue culture cells, causing gene -specific phenotypes. Our phenotypic analyses identify genes required for different aspects of cytokinesis, such as central spindle formation, actin accumulation at the cell equator, contractile ring assembly or disassembly and membrane behavior. Moreover, the cytological phenotypes elicited by RNAi reveal simultaneous disruption of multiple aspects of cytokinesis. These phenotypes suggest interactions between central spindle microtubules, the actin-based contractile ring and the plasma membrane, and lead us to propose that the central spindle and the contractile ring are interdependent structures. Finally, our results indicate that RNAi in S2 cells is a highly efficient method to detect cytokinetic genes, and predict that genome-wide studies using this method will permit identification of the majority of genes involved in Drosophila mitotic cytokinesis.
INTRODUCTION
Cytokinesis is the complex process by which the daughter cells separate at the end of cell division. In animal cells cytokinesis involves at least four subprocesses that must be tightly coordinated to ensure the fidelity of chromosome segregation (reviewed by Glotzer, 1997; Straight and Field, 2000) . First, interactions between the spindle and the cortex determine the site of cleavage furrow formation. Second, an actomyosin -based contractile ring assembles at this cortical site. Third, the actomyosin ring constricts, leading to furrow ingression. Fourth, during both furrow ingression and the completion of cytokinesis new membrane is added to allow separation of the daughter cells.
The spindle plays a crucial role in both the coordination and execution of these subprocesses. In large cells such as those in early marine invertebrate embryos the positioning of the cleavage furrow appears to be determined by interactions between the cortex and the spindle's astral microtubules (Rappaport, 1985) . However, in smaller cells, such as vertebrate and Drosophila cells, the site of cleavage furrow formation is specified by the central spindle (Cao and Wang, 1996; Bonaccor si et al., 1998; Giansanti et al., 2001 ) -the bundle of antiparallel, interdigitating microtubules that assembles during ana-telophases between the daughter nuclei. Moreover, in all the systems thus far analyzed the integrity of the central spindle is an essential requirement for completion of cytokinesis (reviewed by Gatti et al., 2000) .
Many proteins have been identified that are required for central spindle formation and, thus, for the execution of cytokinesis. These molecules include several plus-end directed kinesinlike proteins that accumulate at the central spindle midzone. Examples of these proteins are the orthologs mammalian CHO1/MKLP1, Drosophila Pavarotti (Pav) and C. elegans ZEN-4, as well as Drosophila Klp3A (Nislow et al., 1992; Williams et al., 1995; Adams et al., 1998; Powers et al., 1998; Raich et al., 1998) . The activities of these kinesin-like proteins are regulated by kinases of both the Polo and Aurora families. For example, the Drosophila Polo kinase and its human homologue Plk co-immunoprecipitate and phosphorylate Pav and CHO1/MKLP1, respectively (Lee et al., 1995; Adams et al., 1998) ; while the C. elegans Aurora B kinase (AIR-2) interacts with ZEN-4 (Severson et al., 2000) . Finally, studies on Drosophila male meiosis have suggested that central spindle formation depends on cooperative interactions between the central spindle microtubules and elements of the actomyosin ring (Giansanti et al., 1998; Gatti et al., 2000) .
The actomyosin-based contractile ring assembles at the equatorial cortex during late anaphase and constricts while remaining anchored to the plasma membrane, until cytokinesis is completed. Although many components of the contractile ring machinery have been identified, its precise molecular composition and its regulation during cytokinesis are still poorly understood (reviewed by Goldberg et al., 1998; Robinson and Spudich, 2000) . Contractile ring assembly and function are regulated by the Rho GTPase and its upstream activators and downstream effectors (reviewed by Prokopenko et al., 2000) . These effectors include several cytokinesis -specific kinases and the formin-homology (FH) proteins, such as Drosophila Diaphanous, mouse p140Dia1 and C. elegans CYK-1 (Swan et al., 1998; Wasserman, 1998; Prokopenko et al., 2000) . The formins bind and regulate profilin (Wasserman, 1998) , a small actin binding protein that promotes actin polymerization and is required for contractile ring assembly (Giansanti et al., 1998) .
The contractile ring interacts with a number of additional proteins that play regulatory and structural roles. One of these proteins is cofilin, a polypeptide with actin filament severing activity; Drosophila cofilin encoded by the tsr gene is required for contractile ring disassembly at the end of cell division (Gunsalus et al., 1995) . Other contractile ring-associated proteins are anillin and the septins. Anillin contains an actin binding domain and a pleckstrin homology (PH) domain and may mediate the anchoring of the contractile ring to the plasma membrane (Field and Alberts, 1995; Giansanti et al., 1999; Oegema et al., 2000) . Septins are a group of conserved proteins that interact with components of the exocist complex and may be involved in membrane-contractile ring interactions (reviewed by Field and Kellog, 1999; Straight and Field, 2000) .
The accomplishment of cytokinesis requires deposition of new membrane at the ingressing furrow (reviewed by Straight and Field, 2000) . This new membrane is thought to arise from Golgi-derived vesicles that are targeted to the furrow through a microtubule -dependent transport. Once at the furrow, these vesicles fuse with the invaginating plasma membrane, thus creating new membrane surface for cleavage (Straight and Field, 2000; Skop et al. 2001) .
Membrane -vesicle fusion may be mediated by syntaxin, a member of the t-SNARE family of proteins. t-SNAREs are associated with the target membrane and interact with v-SNAREs that resides on vesicles, mediating the process of membrane fusion (Chen and Scheller, 2001) .
Studies in C. elegans and A. thaliana have shown that mutations in syntaxin -encoding genes abrogate cytokinesis, strongly supporting a role of this protein in membrane addition during cytokinesis (Lauber et al., 1997; Jantsch-Plunger and Glotzer, 1999) .
Although molecular genetic analyses in model systems have led to the discovery of many gene products involved in cytokinesis, it is clear that the inventory of cytokinetic proteins is still largely incomplete. Here we have used double stranded RNA-mediated interference (RNAi) to ablate genes required for cytokinesis in Drosophila S2 tissue culture cells. Our phenotypic analyses of RNAi cells define the functions of several cytokinetic proteins and provide new insight into the interplay between microtubules, microfilaments and membranes, duri ng the assembly and functioning of the cytokinetic machinery.
MATERIALS AND METHODS

Cell cultures and RNAi treatments
S2 cells were cultured at 25°C in Shields and Sang M3 medium (Sigma) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma). RNAi treatments were carried out according to Clemens et al. (2000) . Cells were suspended in serum-free Shields and Sang medium at a concentration of 1x10 6 cells/ml, and plated, 1 ml per well, in a six well culture dish (Nunc). To perform RNAi, each culture was inoculated with 15 µg of dsRNA. Following 1 hr incubation at 25°C, 2 ml of medium supplemented with 15% FBS was added to each culture.
Control cultures were prepared in the same way but without addition of dsRNA. Both RNAtreated and control cells were grown for 72 hr at 25°C, and then processed for either FACS, biochemical or cytological analysis.
dsRNA production
Individual gene sequences were amplified by PCR from a pool of cDNAs obtained from 5 different libraries: 4 embryonic libraries from 0-4, 4-8, 8-12 and 12-24 hr embryos and 1 imaginal discs library, all kindly provided by N. Brown (Brown and Kafatos, 1988) . The primers used in the PCR reactions were 35 nt long and contained a 5' T7 RNA polymerase -TAATACGACTCACTATAGGGAGG-3') flanked by a gene-specific sequence.
The GenBank accession number (an), the sense and antisense gene-specific sequences, and the position of their 5' nucleotide were as follows: acGAP, an AJ251502, sense AACCACACCTTC The PCR products were purified by using the Microcon kit (Millipore) and used as templates to produce dsRNA with the Megascript transcription kit (Ambion, Austin, Tx). The RNA products were treated with DNase I (Ambion) to digest template DNA, extracted with phenol/chloroform, ethanol -precipitated and resuspended in water. To ensure that most of the RNA products were in a double strand form, the RNA solutions were heated at 65°C for 30 min and then slowly cooled to room temperature. The quality and concentration of dsRNAs were checked by 1% agarose gel electrophoresis. dsRNAs were stored at -20°C before use.
Immunoblotting
Cells were harvested by centrifugation at 800 g for 5 min. Pellets were lysed in 50 µl of Laemmli buffer. 20 µl lysate was electrophoresed on a 10% SDS-polyacrylamide gel and transferred to an Immobilion membrane (Millipore) using a semi-dry transfer apparatus (BioRad). The membrane was blocked for 1 hr in a 5% dry milk in TBS-T (20 mM Tris-HCl, 150
mM NaCl and 0.1% Tween 20, pH 7.4), and then incubated overnight with any of the following primary antibodies diluted in TBS-T: anti-anillin raised in rabbit against amino acids 401-828
(1:1000; Field and Alberts, 1995); anti-Chic monoclonal from cell line 6F (1:10; Verheyen and Cooley, 1994) ; anti-Klp3A rabbit antibody (1:1000; Williams et al., 1995) ; anti-Pav rabbit antibody (1:1000; Adams et al., 1998); anti -Pnut monoclonal (1:40; Neufeld and Rubin, 1994) .
To check for loading each membrane was also incubated with the C1A9 monoclonal antibody to Heterocromatin Protein 1 (HP1; 1:500; James et al., 1989) . Membranes were washed in TBS-T, incubated for 1 hr with either anti-mouse or both anti-mouse and anti-rabbit horseradishperoxidase-conjugated secondary antibodies (Amersham), and then washed again in TBS-T.
Signals were detected using the Enhanced Chemioluminescence kit (ECL, Amersham) following the manufacturer's protocol.
FACS analysis
To perform FACS analysis 1 ml of 72 hr cultures was centrifuged at 800 g for 5 min. The pelleted cells were washed in 10 ml PBS and resuspended in 500 µl PBT (PBS with 0.1% Triton-X) containing 25 µg/ml of propidium iodide. FACS was performed on a Becton Dickinson FACStar plus machine.
Cytological procedures
Cells from 3 ml cultures were harvested by centrifugation at 800 g for 5 min and washed in 10 ml PBS. The pelleted cells were resuspended in 3 ml 3.7% formaldehyde in PBS and fixed for 5 min. Cells were then spin down by centrifugation, resuspended in 500 µl PBS, and cytocentrifuged using a Shandon cytocentrifuge at 900 rpm for 4 min. The slides were immersed in liquid Nitrogen for at least 5 min, transferred to PBT for 15 min, and then to PBT containing 3% BSA for 20 min. These preparations were stained for tubulin and either anillin, Pav or actin.
For tubulin plus anillin or tubulin plus Pav staining, slides were incubated overnight with both an anti-tubulin monoclonal antibody (1:50, Amersham) and either an anti-anillin (1:100) or an antiPav (1:100) antibody (see above), all diluted in PBS. These primary antibodies were detected by incubation for 1hr with both FITC-conjugated anti-mouse IgG (Jackson Laboratories) and Cy3-conjugated anti-rabbit IgG (Jackson Laboratories). For tubulin plus F actin staining slides were first immunostained for tubulin and then with rhodamine-phalloidin as described previously (Giansanti at el., 1999). All slides were mounted in Vectashield with DAPI (Vector) to stain DNA and reduce fluorescence fading.
Immunostained preparations were examined with an Axioplan Zeiss fluorescence microscope equipped with a cooled-charge-coupled device (CCD, Photometrics) as described (Giansanti et al., 1999) . Gray scale digital images were collected using the IPLab Spectrum software, converted to Photoshop 3.0 (Adobe) and merged in pseudocolors.
RESULTS
Disruption of cytokinesis by RNAi
We treated Drosophila S2 tissue culture cells with dsRNA for 12 genes implicated in cytokinesis. Nine of these genes [chickadee (chic), four wheel drive (fwd ), klp3A, pebble (pbl), We prepared dsRNA for each of the 12 genes described above. These RNAs, which ranged in size from 610 to 1020 bp, were added to the medium of fresh S2 cultures at a final concentration of about 5µg/ml. After 72h of dsRNA treatment cells were harvested by centrifugation and subjected to two different analyses. The cells of one of the treated cultures and those of a parallel control were stained with propidium iodide and analyzed with a fluorescenc e activated cell sorter (FACS). The cells of another dsRNA-treated culture and its control were stained for DNA, tubulin and F-actin and examined under a fluorescence microscope. For some of the dsRNAs tested (chic, klp3A, pav, pnut, ani) we utilized additional treated and control cultures for Western blotting analysis.
The overall results of our experiments are reported in Figs. 1 and 2. Western blotting analysis of cells treated with either ani, chic, klp3A, pav or pnut dsRNA shows that each of these dsRNAs caused a dramatic depletion of the corresponding gene product (Fig. 1A) . We could not obtain comparable results for the other six genes studied due to the unavailability of specific antibodies. However, the strong phenotypical effects observed after treatments with acGAP, pbl, rho1, sqh, syx1A and tsr dsRNAs (see below) strongly suggest that these genes were also silenced by RNAi.
An examination of the FACS profiles shown in Fig , ani, pav, pbl, rho1, sqh, syx1A or tsr dsRNA there is a clear increase of the 8C peak at the expense of the 2C and 4C peaks, suggesting that a substantial fraction of the cells have become polyploid. To estimate the levels of cell death caused by the dsRNA treatments, we also determined the frequencies of hypodiploid cells showing a side scatter higher than G1 cells; cells displaying these features are considered to be apoptopic (Darzynkiewicz et al., 1997) . In most treated samples these frequencies were comparable to those of the corresponding control.
We observed slight increases of apoptotic cells only in cultures treated with acGAP, pav or tsr dsRNA (data not shown).
The observed increases in 8C cells ( Fig. 1 To determine the fate of the 8C cells produced by failures in cytokinesis, we examined metaphase spreads from cultures treated for 110h with pav dsRNA. In these (RNAi) cultures the frequencies of octoploid (~40 chromosomes) and highly polyploid (more than 60 chromosomes) cells were 40% and 50% (n = 186), respectively. These results indicate that S2 cells do not possess a stringe nt checkpoint that prevents progression through the cell cycle of cells that have failed to undergo cytokinesis.
The cytological phenotypes of the RNAi-induced cytokinesis mutants
S2 cells are a highly suitable material for the cytological analysis of cytokinesis. These cells can be successfully stained for several proteins involved in cytokinesis such as actin, anillin and Pav that can be used to track critical cytokinetic structures (Fig. 3) . At metaphase the Pav kinesin is diffused throughout the cytoplasm but during anaphase and telophase it concentrates at the plus ends of central spindle microtubules (Fig. 3A-C ). Anillin and actin are not associated with central spindle microtubules and instead exhibit a similar localization that marks the equatorial region of the cortex (Fig. 3D-I ). At metaphase both proteins display a rather diffuse cortical localization. During anaphase both anillin and actin accumulate at the cell equator, forming wide cortical bands. As cells proceed through telophase the anillin and actin bands narrow down and the two proteins fully co-localize in the contractile ring.
It is worth noting that the behavior of anillin and actin in S2 cells is rather different from that previously described in meiotic cells of Drosophila males. In metaphase and anaphase A, anillin and actin do not exhibit any detectable cortical accumulations in spermatocytes. During anaphase B, anillin abruptly concentrates in a narrow equatorial band prior to the assembly of the actin-based contractile ring. In late anaphase, spermatocytes assemble a narrow actomyosin ring that precisely colocalizes with the anillin band throughout meiotic division (Giansanti et al., 1999) . In contrast, the two proteins arrive at the equatorial cortex simultaneously in S2 cells, forming wide bands. The reasons why spermatocytes and S2 cells concentrate anillin and actin in the cleavage furrow with different dynamics are not understood. However, the pattern of anillin and actin accumulation seen in S2 cells appears to be typical of mitotic cells, as it has been observed also in dividing larval neuroblasts (Giansanti et al., 2001 ).
With these cytological techniques in hand, we examined cell division in cultures treated for 72h with dsRNA. Cells collected from these cultures were fixed and stained for both DNA and tubulin, and for either Pav, F-actin or anillin. The analysis of these preparations revealed that (RNAi) cells display gene-specific cytological phenotypes and allowed definition of the primary defects that cause cytokinesis failures.
The phenotypes of acGAP, pav, pbl, rho1 and sqh mutants
In cells treated with dsRNA for either acGAP (rhoGAP), pav (kinesin-like), pbl (rhoGEF), rho1 or sqh (myosin II regulatory light chain) the metaphase and anaphase figures are morphologically normal and the frequencies of anaphases relative to metaphases are comparable to those of untreated controls. However, in all these RNAi-induced mutants, telophases are severely affected (Table 2 , Fig. 4) . In addition to a very few, morphologically normal telophases with a fully developed central spindle (henceforth defined as "long" telophases; see Fig. 3C , F, I), these mutants display many characteristic telophases shorter in length than normal counterparts (henceforth defined as "short" telophases; see Fig. 4 ). These peculiar mitotic figures can be easily distinguished from anaphases because they exhibit typical telophase nuclei with fully decondensed chromosomes. Yet, they are very different from regular telophases, as they lack the central spindle and are substantially shorter than normal telophases. In control S2 cells undergoing anaphase A, the pole-to-pole distance is 17.6 µm (n = 42). This distance increases during anaphase B, so that telophase figures are 23.7 µm (n = 110) long. The "short" telophases observed in acGAP, pav, pbl, rho1 and sqh RNAi-induced mutants have pole-to-pole lengths ranging from 18.9 to 19.9 µm (Ta ble 2), and are thus only slightly longer than control anaphase A figures.
Staining for either anillin, actin or Pav revealed that the few normal, "long" telophases observed in acGAP, pbl, rho1 and sqh (RNAi) cells exhibit normal accumulations of these proteins in the cleavage furrow. However, in the "short" telophases of all these (RNAi) cultures the localization of actin, anillin and Pav is disrupted. Immunostaining with anti-Pav antibody did not detect any signal in the short telophases of both acGAP and pav RNAi-induced mutants. In the "short" telophases of all the other mutants, Pav staining is either absent or associated with small irregular bundles of microtubules laying between the two daughter nuclei (Fig. 4) .
Staining with rhodamine-phalloidin showed that the "short" telophases of all mutants lack a regular actin -enriched contractile ring. In rho1 short telophases actin is enriched at the polar cortex but is excluded from the equatorial region (Fig. 4B) . In pbl aberrant telophases F actin exhibits a uniform cortical localization. A uniform F actin distribution is also observed in 20-30% of acGAP, pav and sqh short telophases, while in the remaining aberrant telophases seen in these (RNAi) cells F actin concentrates in a wide equatorial cortical band (Fig.4E, G) . In the aberrant telophases of all these RNAi cells the pattern of anillin localization resembles that of F actin (Fig. 4) .
We would like to point out that in acGAP, pav, pbl, rho1, and sqh (RNAi) cells we never observed telophase figures with a normal central spindle and a poorly organized contractile ring, or with a normal actin ring and a defective central spindle. Moreover, in these (RNAi) cultures morphologically normal telophases either occur at very low frequencies (acGAP and sqh) or are virtually absent (pav, pbl, and rho1) (see Table 2 ). Taken together these observations strongly suggest that the "short" telophases do not arise from regular telophases that have failed to maintain their cytokinetic structures. Rather, it is likely that these aberrant telophases result from anaphases that have failed to form both the central spindle and the contractile ring and to undergo normal spindle elongation.
To summarize, our results show that in acGAP, pav, pbl, rho1, and sqh (RNAi) cultures most telophases are poorly elongated and lack both the central spindle and the actin-based contractile ring. In addition, anillin fails to concentrate properly in the contractile ring of all these aberrant short telophases. Due to the absence of a contractile apparatus these mutants telophases fail to undergo cytokinesis, giving rise to binucleated cells.
The phenotypes of syx1A, tsr and ani mutants
In cells treated with dsRNA for the syx1A gene (encoding a t-SNARE) the anaphase/metaphase ratio is comparable to that of controls (Table 2) . However, the telophase/metaphase ratio in these cultures is higher than in untreated cells ( Table 2 ), suggesting that depletion of Syx1A increases the duration of telophase. About one half of the telophases observed in syx1A mutants are morphologically normal and exhibit normal accumulations of actin, anillin and Pav. The other half of syx1A mutant telophases are shorter than their normal counterparts [21.2 µm (n = 95) vs 23.7 µm (n =110)] and exhibit poorly organized central spindles that contain fewer microtubules than those of normal telophases (Fig. 5A-C) . The abnormality of these central spindles is underlined by the irregular distribution of the Pav protein which, instead of accumulating in the midzone, concentrates in a few patches associated with regions of higher microtubule density (Fig. 5A) . The "short" syx1A telophases always display actin and anillin in wide equatorial bands similar to those present in late anaphases of control cells (Fig. 5B, C) . Thus, in syx1A mutants a substantial fraction of telophases fail to assemble a normal central spindle and to undergo full elongation. Although these cells accumulate both actin and anillin in the equatorial region, they fail to form a morphologically normal contractile apparatus and cannot undergo the cytokinetic process.
Cells treated with dsRNA for the tsr gene have regular frequencies of anaphases and telophases (Table 2) . tsr mutant ana -telophases display regular central spindles and normal accumulations of Pav and anillin but they exhibit an excess of F-actin with respect to normal cells (Fig. 6 ). The actin excess is particularly evident in late telophases which often contain very prominent and misshaped actin rings (Fig. 6 B) . These abnormal accumulations of F actin persist even in the terminal stages of cell division when the two daughter cells are connected only by a very thin intercellular bridge (Fig. 6 C) . A very similar phenotype has been observed in late meiotic telophases of tsr mutant males, where the contractile ring overgrows and fail to disassemble (Gunsalus et al., 1995; Giansanti et al., 1999) . tsr encodes a polypeptide homologous to cofilins (Gunsalus et al., 1995) , a family of low molecular mass actin-binding proteins that can severe and depolymerize actin filaments in vitro (Moon and Drubin, 1995) . This suggest that in Tsr-depleted cells the actin filaments of the contractile ring are not properly degraded, leading to the formation of large and persistent F-actin aggregates that are likely to create a physical obstruction to the completion of cytokinesis.
Cells treated with ani dsRNA also exhibit normal frequencies of anaphases and telophases (Table 2 ). Both types of mitotic figures have completely normal spindles and normally concentrate the Pav protein in the central spindle midzone (Fig. 7) . Anillin-depleted late anaphases and early telophases also assemble a morphologically normal contractile ring (Fig. 7) . However mutant late telophases display severe disruptions of both the contractile ring and membr ane organization in the cleavage area. About 70% of these cells contain prominent, aberrant membrane bulges at the cell equator (Fig. 7) . In telophases with membrane protrusions the actin ring displays an aberrant morphology and F-actin diffuses along the irregular membrane bulges (Fig. 7) . The absence of anillin thus appear to disrupt the membrane-contractile ring interactions that mediate completion of cytokinesis.
DISCUSSION
The efficiency of RNAi in detecting genes involved in cytokinesis
Our results show that treatment with dsRNA for either acGAP, ani, pav, pbl, rho1, sqh, syx1A or tsr disrupts of cytokinesis in S2 tissue culture cells. Mutations in pav, pbl, rho1, sqh and tsr have been previously reported to disrupt Drosophila mitotic cytokinesis (see Table 1 ).
Here we show for the first time that the acGAP, ani and syx1A genes are also required for cytokinesis in flies. Our experiments indicate that the penetrance of the RNAi effect is very high; in cultures exposed for 72 hr to either ani, pav, pbl, rho1, sqh or tsr dsRNA more than 70% of the telophases are affected, while RNAi of acGAP and syx1A produces 46% and 63% abnormal telophases, respectively.
The finding that chic, fwd and klp3A are not required for cytokinesis in S2 cells is not surprising, as previous studies pointed towards a specific involvement of these genes in meiotic cytokinesis of males. Null mutations in klp3A, a gene encoding a kinesin-like protein expressed both in testes and somatic tissues, disrupt meiotic cytokinesis but have no effect on larval neuroblast division . Similarly, flies homozygous for null mutations in fwd, which encodes a phosphatidyl-inositol kinase, are viable but male sterile, and are specifically defective in male meiotic cytokinesi s (Brill et al., 2000) . In contrast with fwd and klp3A that are not required for viability, chic is an essential gene that specifies a Drosophila homologue of profilin (Cooley et al, 1992) . However, both male sterile chic mutants and heteroallelic chic combinations resulting in lethality, display severe disruptions in meiotic cytokinesis but have no defects in neuroblast cytokinesis (Giansanti et al., 1998 ; Giansanti, Bonaccorsi and Gatti, unpublished results).
We were initially surprised to find that RNAi depletion of the Pnut protein, which shares homology with the yeast septins, did not markedly affect cytokinesis in S2 cells. This protein concentrates in the cleavage furrow of several Drosophila cell types; null pnut mutants die at the larval/pupal boundary and exhibit polyploid cells in their brains, consistent with a defect in cytokinesis (Neufeld and Rubin, 1994) . It is possible that the lack of an effect in pnut RNAi cells reflects a small amount of residual Pnut protein in these cells, as seen in Fig. 1A . However, we instead believe that Pnut's role in cytokinesis is not fundamental to the process. We have reexamined the larval brains of null pnut mutants and have confirmed the presence of polyploid cells. However, we found that polyploid cells represent only 10.5% of the mitotic figures (n=1558), indicating that most neuroblasts can undergo cytokinesis even in the absence of Pnut (Bonaccorsi, Giansanti and Gatti, unpublished results) . In addition, Pnut is not required for cytokinesis during either male meiosis (Bonaccorsi, Giansanti and Gatti, unpublished results) or the cystoblast divisions in the female germline (Adam et al., 2000) . Taken together, these findings indicate that the Pnut function is either partially or totally dispensable for cytokinesis in
Drosophila.
In summary, our results indicate that S2 cells are a highly suitable model system for molecular dissection of cytokinesis by RNAi. We have shown that treatments of S2 cells with dsRNA for 8 different genes implicated in cytokinesis result in severe disruptions of the process.
Moreover, it has been recently reported that RNAi experiments with either aurora B or INCENP dsRNA cause frequent failures of S2 cell cytokinesis (Adams et al., 2001; Giet and Glover, 2001 ). In contrast, S2 cells do not respond to the ablation of genes that are either specifically involved in meiotic cytokinesis of males (chic, fwd and klp3A) or that play only a peripheral role during Drosophila cytokinesis (pnut). Taken together, these results predict that genome-wide studies using RNAi in S2 cells will permit identification of the majority of genes that govern cytokinesis in Drosophila mitotic cells.
The phenotypes of acGAP, pav, pbl, rho1 and sqh RNAi cells suggest microtubule-contractile ring interactions
Our phenotypical analyses of RNAi-induced mutants in the acGAP, rho1 and sqh genes provide the first description of the cytological defects that lead to cytokinesis failures when the function of these genes is ablated. Previous studies have shown that mutations in rho1 and sqh disrupt mitotic cytokinesis but have not defined the cytological phenotypes elicited by these mutations (Karess et al., 1991; Prokopenko et al., 1999) . In addition, we have characterized pav and pbl (RNAi) cells; the phenotypes of these (RNAi) cells are consistent with those previously observed in animals homozygous for mutations in these genes (Lehner, 1992; Adams et al., 1998; Prokopenko et al., 1999) .
Cells in which the acGAP, pav, pbl, rho1 and sqh genes are ablated by RNAi normally undergo anaphase A, but they then fail to elongate and to undergo anaphase B. After anaphase A, mutant cells proceed towards telophase and decondense their chromosomes, forming typical telophase nuclei. However, these cells fail to develop a central spindle, to assemble an actomyosin contractile ring and to concentrate anillin in the cleavage furrow. This results in the formation of "short", aberrant telophases that are unable to undergo cytokinesis and will thus give rise to binucleated cells.
We emphasize that the functional ablation of genes influencing either the actin or the microtubule cytoskeleton have similar effects on cytokinesis. The genes pbl, rho1 and sqh likely play primary roles in controlling the actin cytoskeleton. The sqh gene encodes a regulatory light chain of myosin II (Karess et al., 1991) . Rho1 is a member of the Rho family GTPases that cycle from an inactive GDP-bound state to an active GTP-bound state under the regulation of GEFs and GAPs proteins (reviewed by Prokopenko et al., 2000) . Guanine nucleotide exchange factors (GEFs) enhance the exchange of bound GDP for GTP, while GTPase activating proteins (GAPs)
increase the GTPase activity of Rho (Prokopenko et al., 2000) . Rho proteins (Mabuchi et al., 1993; Drechsel et al., 1997 , Nishimura et al., 1998 and Rho GEFs, such as Drosophila Pbl (Prokopenko et al., 1999) and human ECT2 (Tatsumoto et al., 1999) , localize to the cleavage furrow and are required for contractile ring assembly. In contrast, the activities of acGAP and Although acGAP, pav, pbl, rho1 and sqh (RNAi) cells display similar terminal phenotypes, the aberrant telophases observed in these cultures differ in both actin and anillin distribution. In rho1 telophases these proteins are excluded from the cell equator, in pbl they are uniformly distributed, and in acGAP, pav and sqh they concentrate in a wide equatorial band.
This suggests that rho1 and pbl are required for actin and anillin accumulation in the equatorial region of the dividing cell. In contrast acGAP, pav and sqh appear to be required for the assembly of the contractile machinery from proteins already concentrated at the cell equator. In sqh (RNAi) cells the failure to assemble an actomyosin ring is likely to be a direct consequence of the depletion of an essential component of the ring. In acGAP and pav cells this failure is instead likely to be a secondary effect of problems in central spindle assembly.
An interplay between the central spindle and the contractile ring was previously suggested by studies on Drosophila male meiosis. Mutant spermatocytes in the chic, and dia loci, which encode products thought to be involved in contractile ring formation, and mutants in the kinesin-encoding gene klp3A, all display severe defects in both structures (Giansanti et al., 1998; Gatti et al. 2000) . Although all the extant results on Drosophila cells strongly suggest an interdependence of the central spindle and the contractile ring, it is currently unclear whether this is true in all animal cells. Studies on mammalian cells have shown that central spindle plays an essential role during cytokinesis (Wheatley and Wang, 1996; Eckley et al., 1997) . However, these experiments have provided limited information on whether perturbations in the actomyosin ring assembly disrupt the central spindle (reviewed by Gatti et al., 2000) . The best evidence of an interplay between the central spindle and the contractile ring has been provided by Cao and Wang (1996) in rat kidney cells. By puncturing these cells with a blunt needle they created a physical barrier between the central spindle and the equatorial cortex. This barrier not only abrogated actomyosin ring assembly on the side of perforation facing the cortex, but also disrupted the organization of central spindle microtubules on the opposite side.
In contrast, studies on C. elegans embryos indicate that, at least in the early stages of cytokinesis, the actomyosin ring and the central spindle can assemble independently (Powers et al., 1998; Raich et al., 1998; Jantsch-Plunger et al., 2000) . (Rappaport, 1985) The phenotypes of syx1A and ani (RNAi) cells reveal membrane-contractile ring interactions
The syx1A gene, which encodes a t-SNARE, plays an essential role in embryonic cellularization (Burgess et al., 1997) , but its direct role in cytokinesis has not been demonstrated.
In syx1A (RNAi) cells about one half of the telophases are shorter that those of control cells and display severe defects in both the central spindle and the contractile ring. These findings are rather surprising, as there is abundant evidence that syntaxins are specifically involved in membrane fusion processes (reviewed by Chen and Scheller, 2001) . Thus, our observations on Although anillin localizes in the cleavage furrow of a variety of Drosophila cell types its involvement in Drosophila cytokinesis has never been demonstrated (Field and Alberts, 1995; Giansanti et al., 1999) . The human homologue of anillin is required for cytokinesis but its role in the process is unclear (Oegema et al., 2000) . In ani (RNAi) late anaphases and early telophases the central spindle and the contractile ring are both morphologically normal. However, in many late telophases the cleavage area displays large membrane protrusions and an aberrant morphology of the actin-based ring. Anillin is thus not required for the initial formation and contraction of the actomyosin ring. Rather it appears that this protein plays an essential role in regulating membrane behavior during the late steps of cytokinesis. Anillin contains an actinbinding domain and a pleckstrin homology (PH) domain (Field and Alberts, 1995; Oegema et al., 2000) ; PH domains are found in many membrane -associated proteins and have been implicated in protein-protein and protein-phospholipid interactions (reviewed by Rebecchi and Scarlata, 1998) . Based on these biochemical properties, we suggest that anillin interacts with both the plasma membrane and the actin-based contractile apparatus, regulating the membrane-contractile ring interactions that mediate completion of cytokinesis. 
